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Highway Damage Related to Faults Near Pierre, South Dakota

By Donley S. Collins, Henri S. Swolfs, and Thomas C. Nichols, Jr.

INTRODUCTION

This study began as a project to characterize the physical properties of
the Pierre Shale as a possible host rock for the construction of underground
waste-storage facilities. During this study, it was discovered that faults
within the project area were more extensive than first realized and that two
of these faults show recent, recurrent movement of limited vertical and
lateral extent that has resulted in highway damage. This type of highway
damage, found also in other parts of South Dakota, has been recognized since
1952.

Geologic mapping was begun in 1986 to identify, describe, date, and
determine the distribution of exposed faults within a 648-mi? study area
located west of Pierre, S. Dak. (fig. 1). The purpose of this report is to
characterize those faults so far observed and to describe two occurrences of
highway damage associated with faults. It is also the purpose of this report
to suggest possible solutions for avoidance or correction for fault-related
highway damage within the project area.

STRATIGRAPHY

The only exposed rock in the study area belongs to the members of the
Upper Cretaceous Pierre Shale. These members include the Crow Creek, DeGrey,
Verendrye, Virgin Creek, Mobridge, and the Elk Butte (Crandell, 1958). Of
these members, the Verendrye, Virgin Creek, and Mobridge have dominant
exposure; the Virgin Creek Member is the most prevalent. Because the Virgin
Creek forms the best exposures and contains easily identifiable bentonite beds
that serve as good marker horizons (fig. 2), it is the key Pierre Shale Member
for understanding deformation (Nichols and others, 1987; Collins, 1987).

Pleistocene sand and gravel deposits containing numerous Tertiary rock
fragments cap some hills. These deposits suggest that Tertiary beds were once
present within the study area (Crandell, 1958).

GENERAL FAULT CHARACTERIZATION

As noted by Crandell (1958), the ubiquitous clay soil (gumbo) covering
the shale bedrock hinders observation of faults except where they are exposed
in natural or artificial cuts. Thus, it is not possible to get an accurate
inventory of the faults throughout the study area.

Table 1 lists the characteristics of 24 selected fault sites (fig. 3) observed
within stream valleys and artificial cuts. A few of these faults offset large
(about 0.6 mi on a side) blocks of Pierre Shale. These faults can be traced
from one
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FIGURE 1. Map showing two locations of highway damage (H1 and H2) related to
faults within the Stanley County, South Dakota, study area.
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FIGURE 2. Selected measured sections of the Virgin Creek Member of the Pierre
Shale. The important bentonite marker horizons within the study area are
labeled F, E, D, GDBB, C, and B. (Modified from Collins, 1987.)



44°30'— Sansarcé

§

OAHEE DAM

=
- S T

0 5 _7710 Miles

FIGURE 3. Location map showing selected fault sites described in table 1.



[Leaders (-~--} 1n

TABLE 1.-

cicate no data avallatle.

istics of

faults

FPL=fault pa~allel tc stream ccurse, FP=fault perpencdicular tc strear course,

FO=fault at oblique angle to stream course]

Map Valley Fault Vertical Sense cf Fault Lateral Descripticn Brecc:z Valley
loca- Section Township Range drainage Strike Dip to displace- cisplacement characteristles extent of zone wall
tior strear ment (r> scarp width he.gnt
No. orienta-  (m} (m) (m)
tior
1 NWY, 12 5 N. 29 E. Willow N, 80° E. 40° SE FPL 35 Thrust (low- Well-developed LALY Fault scarp; 15 20
Creek angle re- scarp face; height 2°
verse}. fault breccia m.
source material
for a 15-m-wide
debris flow.
2 NEY, 10 5 N. 29 E. ..do.. N. 65° E, 50° NW FP 19 Fractured bedrock --- Nome........o ~7 €
adjacent to
fault,
3 NEY, 3 5 N. 29 E. True N. 60° W, ---- FP 24 Reverse..... Debris flow....... 820 P L 6
Draw
4 SEY, 4 5N 20 E N.25°=~ 4ge S FPL 15 Normal...... Brecciated rock 100 Fault-line - 5-20
35° W. 1n gouge, 17 cm scarp;
thick; well- height 20 m.
developed mullion
on scarp face.
Junction zone of
NW- and NE-trend-
ing faults.
5 SEY, 10 5 N. 29 E. ..do... NE ———- FP 23 Covered, Covered by debris =--- None......... -—== 5-20
Junction flow.
zone of NW-
NE-trencing
faults,
6 NWY, 10 5 N. 29 E. ..do... N. 15° E. 65° NW FPL 16 Normal....... 8- to 13-cm fault --- vvee@0iiinen. 375 15
gouge-bounding
brecciated zone;
3-5-cm-thick
bentonite beds
ductiley drawn
out.
7 NEY, 8 5 N. 29 E. ..do... N. 5° E. -—=- FPL 27 ve.-do... ... Mullion well - Fault-line - 15
developed. scarp.
8 NEY, 7 5 N. 29 E. ..do... N. 40° W, ---- FPL 1z «v..80..... .. Mullion well --- B L 9
developed on
highly fracturec
bedrock surface.
9 NWY, 3 5 N. 28 E. ..do... N. 65° E. 55° SE FP 32 Reverse...... ....00 . iiuniunnns == Fault scarp.. =--- u
1C SE¥, 14 5 N. 27 E. Lance N. 65° E. 5¢° Fp 19 cenlde e --- None...... O 5-30
Creek
" Swy, 13 5 N. 27 E. ..do... N. 40° E. ME° SW FPL 12 - Fracturec bedrock, --~ PR [ T 5
less than 3-cm-
thick gouge.
12 NWY, 25 5 N. 27 E. ..do... N, 35° W. 4° NE FPL 12 Normal....... Fault breccia 100 Fault-line 1 15
well developec, scarp;
> m thick; height 15 m.
mullion well
developed; at
least two
periods of move-
ment.
13 WY, 25 5 N. 27 E. ..do... N. 85%. 60° SW FPL 24 BT [ Fault zone........ 370 == 5-25
14 SWY, 24 5 N. 27 E. ..do... N. 15° W. 36° NE FP 16 vv..d0....... Gouge 3-5 cm thick --- - --- 2-10
15 NEY, 27 5 N. 28 E. Govern- N. 45° E, LZ° SE FPL 517 «.+:d0,...... Mullion developed --- -—-- - -
ment on highly frac-
Draw tured bedrock
surface.
16 NWY, 22 5 N. 28 E. ..do... N. 70° E. U5° Nw FO 14 v...do....... Gouge 3 cm thick; - None......... 0.2 5-8
breccia 2C em
thick.
17 NwY, 32 5 N. 29 E. Ash Approxi- ———— -— 22 ———— Covered...ouverae. === ese@0, .. 6 6
Creek  mate NE
direc-
tior.
18 SW¥, 30 5 N. 29 E. ..do... N. 25° E. 65° Nw FPL 13 Normal....... Highly brecciated 400 B [ P 2
rock; S-cm-thick
gouge along
fault plane.
19 SWY, 32 5 N. 29 E. ..do... 60° Nw FPL 25 BERY TR - 1,000 ....d0v..vee. = 3
20 SEY, & 4 N, 29 E. ..do... Ew ———- FPL 18 Reverse. . Figrly brecciatec, 15C Fault scarp;  >3C 2-20
rock on fault height 20 m.
plane; weli-
developed
mullion.
21 SwY, 30 5 N. 30 E. Powell Approxi- - FO 1" - Highly brecciatec, --- Nome......... ~--- 2-%
Creek  mate NE fault mostly
direc- coverec.
tion.
22 SwY, 28 5 N. 29 E. ..dc... Approxi- -~ FFP 1 ---- COverec..vvuuunis, === --- 21
mate NE
trenc.
23 NEY, 24 5 N. 20 E. Dbry Run N. 50° W. 7¢° NE FP 24 13-cm-thick gouge --- B - TP 9 20
developed.
24 NE¥, 24 5 N. 30 E. ..do... N. 40° E. 37° NW Fp 13 Normal...... @8-ecm-thick gouge; =--- R« I 12
9-m-thick
breccia.




stream bank across the bedrock channel-valley floors and into the opposite
bank. At some localities, part of a stream’s orientation is controlled by
faults that intersect the stream valley. For example, fault 20 (table 1) has
a 66-ft-high, east-west-trending fault scarp that parallels a bend along Ash
Creek. This fault scarp has caused the stream to flow parallel to the fault
trace for a distance of 490 ft. Other fault scarps or traces that have
affected directions of stream channels include faults 1, 4, 6-8, 11-13, 15,
18, and 19.

The majority of faults observed have normal separation, but faults with
reverse separation are not uncommon (table 1). The amount of separation
observed ranges from less than 3 ft to as much as 115 ft. Fault gouge is
commonly less than 0.2 in. thick but can be as much as 7 in. thick (table 1,
location 4).

Euhedral selenite crystals occur within the thicker (greater than 1 in.)
gouge deposits and along the fracture planes of the highly fractured or
brecciated scarps. Fault breccia may extend as far as 3 ft on either side of
a fault plane. Iron oxide coats the breccia and fracture surfaces. Well-
developed mullion structures (table 1, sites 4, 7-9, 12, 15, and 20) have been
observed on highly fractured fault scarps. The mullions are as much as 6 ft
apart and as much as 38 ft long, the height of some scarps. Occasional
"plastered" blocks as large as 6 ft long by 5 ft high by 2 ft thick have been
found on mullion surfaces.

Some fault scarps may be a source of local colluvium that accumulates
directly downslope from and in some places covers the fault. For example, a
fault with normal separation found cutting a bank of a tributary to Ash Creek
had a colluvium thickness of about 3 ft over the downthrown block. However,
on the upthrown side, only a 2- to 4-in.-thick soil was found over weathered
bedrock. On the opposite bank, the fault was not present and only a 2-4-in.-
thick soil cover was observed.

AGE OF FAULTS

Some of the faults described by Crandell (1958) cut into the Mobridge
Member (Late Cretaceous) of the Pierre Shale. This suggests a Late Cretaceous
or younger age for these faults and for the faults within our study area.

HIGHWAY DAMAGE RELATED TO FAULTS

Road failures associated with faults have been reported for a number of
South Dakota highways including those along both old and new U.S. Highway 14
(Crandell, 1958; Hammerquist and Hoskins, 1969) and State Highway 1806. For
instance, as early as 1952, Crandell (1958) noted several U.S. Highway 14
failures "* * * consisting of swells or sags of a few inches to as much as a
foot over a distance of 10 to 100 ft along the axis of the highway." To
summarize Crandell’s ideas, faults and (or) bedding surfaces that dip toward
the road grade provide zones of permeability in the otherwise impermeable
Pierre Shale. Thus, most failures probably are related to the accumulation of
excessive amounts of moisture in the materials underlying the highway; these
materials become plastic and cause failure of the road surface under
traffic. Under traffic implies that highway deformation is a result of
compaction of the plastic material.

Hammerquist and Hoskins (1969) believe that differential uplift created
by "more and faster" swelling clay in the fault gouge than in the surrounding
shale is the cause for the most severe bumps along highways. This means that



gouge which is derived from the grinding of the bedrock during faulting is a
mechanical disaggregated material having more surface area and clay materials
that swell more rapidly and to a greater volume than intact shale rock. The
swelling clay being compacted and having less surface area within the intact
shale rock cannot react upon the exposure to water in the same way as the
gouge. For example, during construction of a portion of highway, fractures
open due to load removal (rebound), allowing increased amounts of water to
flow into the underlying fault zone. This, in turn, can swell a 1/2-in.-thick
gouge to as much as 6 in. Dilation of fractures also allows cyclic wetting
and drying that breaks down the gouge into finer grains, thus making the gouge
more susceptible to rapid and more swelling than the surrounding shale
(Hammerquist and Hoskins, 1969). The intact shale on either side of the fault
zone, however, does not break down as much during wetting and drying cycles,
and therefore remains less fine-grained than the gouge. To contrast the
amount of water found near a fault to that present in the surrounding shale,
crude infiltration tests show in-situ permeability "% * * to be as much as 30
times greater in the fractured shale near a fault then (sic) it was only 35 ft
away in relatively unfractured but otherwise similar material * * %"
(Hammerquist and Hoskins, 1969). Hammerquist and Hoskins (1969) speculate
(without citing or presenting X-ray clay-mineralogy data to support a high-
swelling clay content for the shale gouge) that if the gouge has a
montmorillonite and (or) illite composition, a 1/2-in. layer of dry gouge will
become 5 in. of wet gouge with swelling pressures of as much as 15 tons/ft?
(as described by Grim, 1962). They conclude that "* * * nine inches of
concrete pavement plus a few feet of base course can easily be lifted by the
swelling soil."

For this study, two sites (sites Hl and H2; fig. 1) were investigated
where highways have been damaged by faulting. At site Hl, the pavement on a
new section of U.S. Highway 14 has been deforming since 1983. The highway
pavement, adjacent ground, and nearby fence posts are being displaced. The
fault that has caused this deformation has an average apparent dip of 52° E.
with a strike of N. 30° W., and shows reverse separation, Because the fault
plane has an irregular surface, an apparent dip was determined for each of the
four trenches. This was done graphically by plotting the point where the
fault entered the trench floor and the point where the fault intercepted the
top of the trench. Then the angle between the top of the trench and the line
connecting the top and bottom of the fault, representing an apparent dip, was
measured. The resulting measurements for the four trenches were averaged to
give the average apparent dip.

The fault scarp at site Hl can be traced for at least 90 ft on both sides
of the road. However, the scarp’s height, being a maximum of 1.6 ft next to
the highway, decreases upslope and disappears into the road-bisected hill
slopes on either side of the highway. From highway-construction data, it is
estimated that 54,648 tons of material was removed along 200 linear feet over
the west fault block. Less material (23,737 tons) was removed along 200
linear feet over the east fault block. Total tonage of overburden removed was
78,383 tons, representing an average of 25 vertical feet of material.
Investigation of a nearby tributary to Government Draw (east of the faulted
highway) indicated that this host rock belongs to the upper Virgin Creek
Member.

The cause of failure at site Hl is believed to be the result of swelling
clays comprising the gouge reacting to moisture (Vern Bump, oral commun.,
1986). This moisture, believed to be infiltration of meteoric water from



precipitation, flows along the fault plane and (or) nearby fracture system.

To verify this, the fault exposure was trenched on both sides of the road.

One trench (Tl) was excavated in the borrow ditch immediately south of the
highway. Three other trenches were dug immediately north of the road; one in
the borrow ditch (T2) followed by two others (T3 and T4) excavated
progressively upslope (fig. 4). All four trenches were oriented east-west and
cut the fault plane. Trench depths varied from 6 ft for Tl to less than 5 ft
for T4.

Fault-gouge thickness varies from 2 in. for Tl to less than 2 in. in
T4. Nowhere did the gouge appear to thicken upward. Although bentonite beds
were found within most of the trenches, neither they nor any other lithologic
characteristics revealed the amount of separation along the fault.

Trench dampness increased downslope from T4 to Tl (figs. 5-8). For
instance, after 6 hours, Tl had as much as 2 in. of standing water along its
length (fig. 5). The water was observed to be flowing from the shale
fractures within 3 ft of the trench floor and possibly up through the floor.
This latter source of water could not be verified due to amount of debris and
water covering the floor. T2 also had 2 in. of water, but covering only a few
feet of its length at the east end of the trench (fig. 6). The walls of Tl and
T2 appeared to become wetter with depth. The other trenches (T3, fig. 7; and
T4, fig. 8) were drier; that is, no water covered the floors and the walls
were not as wet. Cross sections of all the trenches are presented in figures
9, 10, 11, and 12.

To better understand the physical properties of the shale and fault gouge
at Hl, shale samples were collected from west to east across the fault in
trench Tl in order to perform the following analyses: X-ray clay mineralogy,
moisture content, natural bulk density, and Atterberg limits. Samples were
collected along the north trench wall 15 in. above the trench floor, at 2-3-ft
intervals (fig. 9). Results of the analyses are presented in table 2.
Detailed X-ray clay mineralogy analyses are presented in Appendix 1.

X-ray clay analysis shows that there is a lower percentage of
expandability for the clay comprising the gouge and nearby shale as compared
to the clay in the shales farther from the fault. Shale samples A through F
(fig. 9) are composed of a swelling clay that have predominantly a monovalent
exchange ion (for example, sodium and (or) potassium) possessing a mean
expandability of 97 percent, which is close to the expandability of pure
smectite (Eberl, app. 1). Samples HG, X, Y, and Z (gouge samples), and nearby
shale samples H and I (fig. 9) are indicative of a swelling clay that is
dominantly a divalent exchange cation (for example, calcium and (or)
magnesium). Although shale sample J has a 001A spacing indicative of the
higher (97 percent) expandability group, its expandability percent is similar
to that of the gouge samples and shale samples H and I. Sample J probably
represents an intermediate state of calcium ion exchange (illitization). The
average expandability of this illitic clay is 77 percent. Shale sample G also
has a monovalent exchange cation similar to samples A through F, but unlike
its group, G has a lower expandability percent (80) and a smaller
001 spacing. These properties are characteristic of the divalent exchange
cation group and indicate that sample G has undergone some illitization.

Since gypsum was found in the gouge and on the shale-fracture surfaces, we
agree with Eberl (app. 1) that the gouge clay has become more calcium-
saturated either though dissolution of the calcium compound (gypsum) or by
exposure to wetting and drying cycles of calcium-bearing waters. Therefore,
upon exposure to wetting and drying cycles and in the presence of a calcium-
bearing mineral, the gouge becomes less expandable. This supports Hammerquist
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and Hoskins’ findings that calcium-rich gouge material does not seem to swell
to any degree. However, being a disaggregated, and therefore, a finer size
fraction with more surface area to react with ground water, the gouge is able
to swell more and faster than the adjacent, tightly compacted, intact shale,
as suggested by Hammerquist and Hoskins (1969).

The moisture and natural-bulk-density values indicate that there is an
increase in shale matrix void space westward from the fault (table 2). For
instance, the lower density material with higher moisture contents suggests
that this material has a matrix with relatively more unfilled void space than
the samples with higher densities and lower moisture contents. This void
space may be a result of relaxation of the shale matrix, due to the removal of
overburden as proposed by Nichols and others (1986). The higher densities
found adjacent to the fault (samples G through J) could be a result of
confining pressures near the fault that did not allow the shale matrix to
relax as much. The slightly higher moisture content of the disaggregated-
gouge sample (HG) is a result of having better permeability and surface area
to absorb water than the intact shale.

The plastic and liquid-limit data infer that the plasticity of the clay
composing the shale and gouge increases toward the fault (table 2). However,
the clay mineralogy suggests just the opposite: the material westward from
the fault becomes more plastic and has a higher percentage of expandability.
We believe that the plastic and liquid values are not representative of the
material; these samples, due to the nature of the clay bonding, could not be
disaggregated properly. Atterberg tests are designed primarily for soil
samples and not for disaggregated rock samples, and therefore could be the
cause of the discrepancy between the clay-mineralogy and plastic-limit
results.

The gouge-size fraction does not support Hammerquist and Hoskins’ (1969)
idea that gouge, a result of fault grinding, weathers to a finer grained
material than found in the intact shale. This idea suggests that the gouge
should weather to yield a higher percentage of finer than 5um grain-size
material. In our study, laboratory analysis implies that there is
comparatively finer than 5um-size fraction in the intact shale than in the
gouge (table 2). However, mechanical compression at the fault plane may
compress the gouge into a larger particle size; therefore, preventing the
occurrence of a higher percentage of a finer than 5u-m grain size. It is not
known why shale sample H has the lowest 2um-size content.

Comparison of shale-fragment size differences appeared more noticeable in
T4 than in the other trenches. When first observed from outside trench T4,
the shale to the west of the fault resembled a thick layer of colluvium (fig.
8). But upon close inspection, it was found to be an in situ weathered shale
(regolith), having shale fragments less than 3 in. Shale on the east side of
the fault was damper and had larger shale fragments (mostly greater than 3
in.). In contrast, the lower trenches did not have a noticeable difference in
shale-fragment size or weathering characteristics on either side of the
fault. The lower 2 ft of Tl, however, had the largest fragment sizes (as much
as 2 ft in maximum diameter). The size-fraction contrast in trench T4 is a
result of reverse movement along the fault that has brought fresher underlying
shale on the east side of the fault into contact with the more weathered shale
on the west side of the fault,

Weathering of trench walls began soon after the trenches were opened.
Once exposed, the walls began to dry, flake, and spall, indicating the rate of
deterioration once the shale was exposed to a dry atmosphere.
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An east-west shallow reflection survey was conducted on the south side of
U.S. Highway 14 over trench Tl at site Hl to determine the shale
characteristics and minimum depth of fault penetration. Details of the
seismic-reflection survey and analysis are presented in Appendix 2. Because
reflections could not be interpreted, the refractions were used instead to
develop a seismic-velocity model. The 30-ft-deep velocity model shows highly
fractured material, occurring as three successive underlying zones beneath the
surface (fig. A2, app. 2). The profile defines an upper zone with a velocity
of 900 ft/s, typical of a dry topsoil, underlain by a middle zone with
velocity of 2,100 ft/s, characteristic of a semiconsolidated, moist-clay
zone. The lowest zone is interpreted as a dense, wet clay zone with a
velocity of 4,500 ft/s. From trench data (fig. 9), however, we find that the
material within the upper zone is not a topsoil but a relatively dry fill and
"colluvium" covering an in situ, weathered shale in the upper few feet of the
trench. Zone 2 within trench Tl consists of a moist-to-wet shale as
interpreted by the seismic model, but the shale is very fractured. Near
Hayes, S. Dak., a similar velocity of 2,601 ft/s was interpreted (based on
drill logs) to represent horizontal fracture zones located in unweathered
shale (Nichols and others, 1988). We assume that the 2,100 ft/s velocity at
site Hl is also characteristic of fractured bedrock. Trench Tl did not
penetrate the 4,500-ft/s velocity zone, but we believe that this zone is not
only a dense wet shale, but also a fractured shale, similar to zone 2, and
filled with water. This conclusion is based on Nichols and others (1988)
determined-velocity value for unweathered and nonfractured shale of 5,900 ft/s
and 2,100 ft/s velocity for both fractured and weathered shale, and on
Jakosky’s (1950) velocity for water of 4,800-5,000 ft/s. We also believe that
this lower zone may represent a perched(?) water table similar to those noted
in Hammerquist and Koskins'’ study (1969, p. 12-13). This would explain the
water seepage through the wall and floor of trenches Tl and T2, and the wall
of trench 2.

The permeability of the Pierre Shale matrix has been calculated to be
10° m/s (Nichols and others, 1986), a value too small to allow rapid water
migration through the shale matrix to accumulate on the floors of trenches Tl
and T2 within a few hours. However, on the basis of the moisture differences
in the trenches, as well as the precipitates (iron oxide and gypsum) on the
shale-fracture surfaces and in the gouge, water migration is dominated by
downward movement through the shale-fracture system. Water ponds in the
downthrown side of the fault under the southern borrow ditch of the road.
Although the fault is located on a hill, it is positioned in a general
topographic low (fig. 13). 1In this area, ground water flowing through the
fractured bedrock from higher elevations is probably contributing more water
to the fault zone than is derived from the immediately adjacent hill(s). It
was also found that a nearby stock pond in Government Draw and its tributary
east of and lower than site Hl (figs. 13 and 14) remained full even during the
severe summer drought of 1988. This is in contrast with other stock ponds
within the study area that were very low or dry, suggesting that this dam on
Government Draw is filled mainly by ground water traversing a fracture system
rather than surface runoff.
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To determine if the highway fault at site H1 (fig. 14) could be an
extension of any nearby faults, we examined nearby Government Draw and its
tributaries for faults of similar strike. Resulting field data showed that
faults found in a tributary east of site Hl (pl. 1) did not align with the
highway fault. Investigation of Government Draw and its tributary immediately
west of highway fault Hl was hampered by the lack of outcrop and the presence
of a filled stock pond.

The last site of investigation is located on the eastern approach to the
overflow spillway of the Oahe Dam on State Highway 1806 (H2, fig. 1). Here,
movement along a fault has been causing pavement damage for several years.
This fault is part of a complexly faulted area as mapped by the U.S. Army
Corps of Engineers (1981). Since the spillway excavation and partial bridge
construction in 1962, movement along a fault has occurred, creating a scarp 5
ft in height (fig. 15) on the west side of the spillway (Eric Stoss, U.S. Army
Corps of Engineers, oral commun., 1988). This scarp is an extension of the
fault that has also caused highway damage on the east side of the spillway.
Along the scarp on the west side of the spillway, at least 80-85 ft of
stratigraphic section is faulted out northwest of our trench site, leaving the
upper lower Virgin Creek Member in contact with the Verendrye Member. The
U.S. Army Corps of Engineers (1981) has determined 97 ft of displacement along
a portion of this same fault in the overflow basin to the spillway southeast
of our trench site.

A trench emplaced across this fault (fig. 16) revealed damp bedrock walls
with relatively more moisture present on fresh fracture surfaces than on
surfaces exposed longer to the air. During the time the trench was open (less
than 4 hrs), water did not accumulate on the trench floor. The trench walls,
upon drying, flaked and spalled. Displacement along the fault, having a gouge
less than 2 in. thick, was confined to only the Verendrye Member of the Pierre
Shale. The shale-fracture surfaces were coated with both magnesium and iron
oxide, suggesting water migration along the fracture planes. The gouge near
the upthrown side of the fault was mixed with 1-1.5-in. shale-breccia
fragments that were all slickensided.

Movement along this fault is attributed to rebound due to the excavation
of 5,000,000 ft3 of overburden from the spillway (U.S. Army Corps of
Engineers, 1981). However, based on the U.S. Army Corps of Engineers
construction maps of the emergence spillway and using an average specific
gravity of 2.15 for the shale, we estimate that 3.36 tons/ft?, representing 50
vertical feet of shale was removed from directly over the fault at the trench
site. Using the same information, 10.74 tons/ft?, representing 160 vertical
feet of shale, was removed from the basin east of the trench site.

TIME DURATION OF HIGHWAY FAILURE DUE TO FAULTING

Hammerquist and Hoskins (1969) believe that swelling fault gouge can
produce highway bumps anywhere from 1 to 4 years after construction and some
produce continuing road deformation for the lifetime of a pavement. It was
also noted "¥* * % that bumps reach a maximum in some areas during August (time
lag of spring rains and snowmelt) and decrease slightly in the winter months
(time lag of dry summer months)." However, the fault at site Hl that produced
a bump in the fall of 1983, within 6 months after construction (J.D. Hammell,
Geologist, South Dakota Department of Transportation, oral commun., 1988), did
not appear to slow during the drought in 1985. From 1983 to present, the
Department of Transportation has had to perform three highway patches and two
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grindings to correct for continued fault damage to this part of the road (J.D.
Hammell, Geologist, South Dakota Department of Transportation, oral commun.,
1988).

Since our field investigation began in 1983, State Highway 1806 at the
Oahe spillway (site H2, fig. 1) has been repaired twice within the past 4
years as a result of underlying fault movement. However, field measurement of
the fault scarp adjacent to the road on the west side of the spillway (site
H2, figs. 1 and 15) indicates that the scarps have remained at 5 ft in height
for the past 2 years. On the basis of aerial photographs provided by the U.S.
Army Corps of Engineers, the scarp first appeared on the west side of the
spillway sometime before August 1962 and by November 1962 was a prominent
feature (fig. 17).

REGIONAL AND LOCAL DEFORMATION

To investigate the possibility of recent or current deformation in the
study area as a cause or contributing factor of highway fault movement,
leveling data obtained from NOAA (National Oceanic and Atmospheric
Administration) was examined for significant elevation changes. First-order
level lines located in the eastern part of the study area (fig. 18) were
measured for June 21 to September 27, 1949 (time A), and for June 18 to August
8, 1951 (time B). Comparison of these data (table 3) shows that elevation
differences between the 2 years (time A minus time B) ranged from a positive
118.62 mm (4.67 in.) to a negative 36.37 mm (1.43 in.). The positive value
represents a relative drop in elevation, whereas the negative value indicates
a relative increase in elevation. The smallest (less than 5 mm (0.2 in.) in
elevation) differences and some of the positive changes in elevation (that is,
relative drops in elevation) occur at probably more stable bench marks that
are placed on large structures such as buildings and bridges having
foundations in alluvial sands and gravels. On the other hand, most of the
negative elevation changes (that is, relative increase in elevation) were
determined from possibly less stable concrete-post bench marks set in shale or
soil deposits on higher ground in the rural areas. An examination of the
weather records for the months of June through August for both 1949 and 1951
showed that 1951 was nearly three times wetter during June and August than
during the same period of time for 1949 (table 4). Therefore, higher moisture
values recorded in 1951 may have caused the swelling clays in the shale and
soils to expand resulting in higher bench-mark elevations than observed in
1949. As a result of these findings, current uplift within this study area
cannot be verified or denied from present level-line information.

It has been documented that knickpoints in streams are sometimes
initiated by recent faulting as was the case following the Hebgen Lake
earthquake in 1959 (Morisawa, 1962). We investigated a knickpoint observed in
a tributary to Government Draw east of site Hl and south of U.S. Highway 14
(fig. 14). At this location, a bedrock knickpoint had migrated over 217 ft
within a 10-month period during 1986-87. This knickpoint had deepened the
valley by 9 ft and widened parts of the tributary valley over 12 ft. When re-
visited during the 1988 field season, it had migrated another 82 ft upstream,
deepening the valley by 3 ft to within 30 ft of the U.S. Highway-14 culvert.
The once covered gabion in front of the culvert is now completely exposed as
are parts of both outside walls of the culvert. At the present rate of
erosion, the highway culvert will undoubtedly be undermined, resulting in road
damage. Evidence for recent deformation-related knickpoint migration or
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TABLE 3.--Elevation changes that occurred between the summer of 1949 and the
summer of 1951 along the level line shown in figure 4,

[Column one is from Pierre, S. Dak., followed by other values (downward from
left to right) gathered northward from Pierre, then westward across the
Missouri River, southward to Ft. Pierre, and back across the Missouri
River, closing the traverse back at Pierre. Minus values are elevation
increases and positive values are elevation decreases]

Elevation Elevation Elevation
Changes Changes Changes
(mm) (mm) (mm)
(cont.) (cont.)
3.54 -12.92 -16.82
0.81 -14.36 -7.21
-1.15 -7.50 ~-4.69
0.18 -18.99 -3.68
-1.53 ~14.24 -5.16
-1.88 -9.38 =17.43
118.62 -11.44 -5.96
37.05 -10.96 -2.11
-4.,54 -13.99 -5.16
-12.26 -4,98 -11.97
~14,05 2.36 -8.82
-35.26 -3.36 -12.08
-36.37 -0.53 ~-9.16
-14,58 ~2.05 -8.55
-18.53 . -6.08 1.78
-18.66 -2.31 -10.94
-12.50 -6.98 -16.86
-17.18 -9.89 -13.62
-18.65 0.35 ~-12.99
-17.7 1.38 -8.91
-15.52 3.43 0.04
-19.05 1.10 -11.59
-13.47 ~-0.34 =-10.47
-4,86 5.58 -5.15
-9.89 5.94 -9.72
-9.65 -2.30 -7.36
-10.1 -16.59 -19.25
-8.21 -24.50 -10.69
-12.53 -1.66 3.49
-15.09 -12.18
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initiation was not found during the 1985-86 or the 1988 field investigations
along the full length of Government Draw and this tributary. However, the
presence of highly fractured bedrock along those parts of the tributary where
faults cross the valley (pl. 1) may have accelerated migration of this
knickpoint at those places. 1In addition, a stock dam north of the highway
(SW% sec. 15, T. 5 N., R. 28 W.) was breached sometime after the 1977 field
check for the 1982 update of the Lacy 7.5-minute quadrangle. The breach
could have occurred as late as the major spring flood of 1984. The breaching
of this dam has increased the drainage basin area of this tributary by about
1.3 mi? (fig. 14) above the knickpoint, resulting in an increased volume of
runoff that has probably caused a rapid upstream migration of the knickpoint.

Neither the site of the initiation nor the cause of this knickpoint is
known, but other branches of Government Draw and nearby washes do not show
evidence for knickpoint development due to recent or current deformation.
However, a fluvial geomorphic study of stream length and slope, tributary
stream order, and changes in sinuosity indicates recent stream rejuvenation
within the study area possibly due to either glacial rebound or other tectonic
causes (Jones-Cecil and others, 1988). The information available at present,
does not show how this relates to movement along the fault at site 1.

Some basement faulting is suggested in the southern part of the study
area (lat. 44.250 N., long. 100.724) by a 4.2-magnitude earthquake that
occurred in 1961 at a calculated depth of 14 mi (Gordon, in press). However,
surface disturbance from this earthquake has not been found within the study
area. Therefore, it is not known to what extent, if any, basement deformation
is contributing to movement along those faults within the study area that have
damaged highways.

CONCLUSIONS AND SUMMARY

The faults within the study area have up to 105 ft of displacement, and
commonly have normal rather than reverse separation. The dominant fault
trends within the study area are northwest and northeast. Because of the
gumbo cover, it is impossible to follow fault traces much beyond the
outcrop. Therefore, fault study is confined to artificial and natural cuts
(mostly stream valleys) for this investigation. Some faults affect stream-
valley orientation, but only for short distances (less than 500 ft). The
faults studied so far cannot be dated younger than Late Cretaceous. At
present, level-line data cannot determine if the study area is being
uplifted. However, the 1961 earthquake suggests some basement faulting in the
southern part of the study area. There is also some indication of either
glacial rebound or other tectonic activity within the study area, as described
by Jones-Cecil and others’ (1988) fluvial geomorphic study. Although there is
limited movement along some faults in the area, we do not believe that this
movement is due to tectonic activity.

Highway damage over faults, within as well as outside the study area, has
been explained by past workers as a result of (1) compressional stress by
highway use, (2) differential uplift due to gouge swelling, or (3) rebound.
From this study, we believe that road damage at both highway study sites is a
result of construction-induced rebound that has caused apparent reactivation
of Cretaceous faults. However, we do not believe that the entire fault is
reactivated, but that movement is occurring along only the upper (near-
surface) part of the faults. This limited rebound response to construction
excavation is not related to tectonic-induced movement along established fault
planes. This assumption is based on the findings of the U.S. Army Corps of
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Engineers (1981) made during and after the excavation of the Oahe Dam Stilling
Basin. Underwood and others (1964) found that differential vertical movements
(resulting from unloading) at depths from 10 to 40 ft were smaller, slower,
and less variable than the rebound-induced movements near or at the excavated
surface. They also found that deep (10-40 ft) movements did not diminish with
time as rapidly as those at or near the excavated surface.

At the highway study sites, the faults are a natural zone of weakness.
As a result, unloading rebound would be more noticeable along the fault trace
similar to that reported by the U.S. Army Corps of Engineers (1981). 1In
addition, fault gouge and breccia along and near the fault plane are conduits
for surface-water infiltration and ground-water flow. This can also initiate
a rapid and continuing (within 6 months) rebound after construction. When
wet, the gouge (containing smectitic/illitic clays having an expandability
value of 75-85 percent) will expand and lose frictional strength, allowing
easy rebound movement along a fault plane. The U.S. Army Corps of Engineers
(1981) found that rebound due to excavation characteristically reaches "* * *
a maximum near the bottom of an excavation, and a lesser amount near the toe
of the side slopes, decreasing to a negligible amount at the extremities of
the side slopes." This may explain why the maximum scarp height (1.6 ft) is
found near the road at site Hl--the lowest point of road excavation--and
decreases upslope and merging into the slope on either side of the road.

Although our study did not note a decrease in fault-gouge thickness with
depth, a decrease has been observed in cores (Hammerquist and Hoskins,
1969). They state that "* * * near the surface (less than five feet), the
gouge zone was often thick (up to 6 inches) but at some depth (10 feet or
more) the gouge was thinner (usually less than 1 inch)." No explanation was
offered for this upward thickening of gouge. However, the high content of
swelling clays (30-100 percent) in the Pierre Shale (Nichols and others, 1986,
app. 1) and exposure of fault zones to cyclic wetting and drying could explain
the upward thickening of gouge. With cyclic wetting and drying by water
infiltration along the fault zone and nearby fractures, the shale fault-block
walls and breccia would break down by both desiccation and water absorption.
Then, during movement of the fault, this added weathered material adjacent to
the fault gouge would develop slickensides. Eventually, this weathered shale
material would not be distinguishable from true fault gouge. This effect
would decrease with depth where shale would not be affected as much by drying,
but remain moist. Thus, the cyclic wetting and drying would only affect the
upper parts of the fault zone and give the overall appearance of an upward-
thickening gouge and breccia zone.

To prevent or slow down fault-related, rebound-induced movement at site
Hl, a drain system placed within the south borrow ditch parallel to the
highway and sloping away from the road should allow a rapid draining of
surface water infiltration away from the weather fractured shale and fault
breccia zone. This should minimize the wetting and drying cycle effects and
prevent further ponding under the highway, thus reducing disintegration of the
shale into a swelling clay-size fraction that would allow "easier" rebound
movement by reduction of friction along the fault plane. D.D. Eberl (oral
commun., 1988) recommends adding a gypsum layer under the highway. The layer
would provide calcium ions to exchange with the sodium ions of the swelling
clays of the shale, gouge, and breccia to reduce clay expansion and perhaps
disintegration due to cyclic wetting and drying. Another consideration is to
allow the rebound to stablize after excavation and then to fill in the
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downside of the fault scarp, rather than relevel the road grade by
excavation. Further excavation would only create continued instability that
could result in continued rebound.

Site H2 may respond to the same recommendation as for site Hl; that is,
placing a drain near the fault and road junction, and a gypsum layer to slow
or prevent swelling of clay and to fill in the downside of a fault scarp
rather than relevel the road grade by excavation to slow or prevent further
road damage.

To generalize about similar highway deformation in South Dakota based on
this study of only two deformation sites is not practical. There are still a
number of questions that this report has raised but due to time and expense
have only begun to be answered. For instance, why the faults (sites Hl and
H2) have reverse rather than normal separation movement is unknown. At site
1, does the water table really exist and to what extent and how does it affect
the deformation. If rebound is the main cause for road deformation, is there
a ratio of amount of material removed over a fault to the depth and amount of
rebound movement along that fault. The answers to these questions may focus
on the specific mechanism involved in shale rebound and should be investigated
further.

The knickpoint migration toward U.S. Highway-14 culvert is not related to
uplift or faulting, but is believed to be a direct result of an increased
drainage area above a breached dam that provides more runoff. If this problem
is not addressed within the next few years, then both the culvert structure
and the overlying road will be damaged.
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APPENDIX 1
Report from D.D. Eberl, U.S. Geological Survey, on the clay mineralogy of

selected samples from the upper Virgin Creek Member of the Pierre Shale.
Samples collected from trench 1 at site Hl.
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United States Department of the INterior AMERICA s
GEOLOGICAL SURVEY 1
BOX 25046 M.S. 403 _

DENVER FEDERAL CENTER
DENVER, COLORADO 80225

IN REPLY REFER TO:

August 5, 1988

Don Collins and Tom Nichols
MS 966
Dear Don and Tom:

Here is a summary of the X-ray diffraction analysis of the clays from the
Pierre shale:

Sample Spacing of 001 in A % expandable 1/S:1 ratio
(air-dried sample) (glycol-saturated)

X 15.0 87 3:1
Y 14.7 70 3:1
Y/ 14.6 82 3:1
HG 14.7 80 1:1
H 14.0 65 4:1
I 14.1 80 5:1
A 11.6 97 1:1
B 12.3 90 3:1
C 11.0 100 2:1
D 11.5 90 ?

E 11.3 100 7:1
F 12.1 100 4:1
G 11.4 80 4:1
J 12.0 75 2:1

Analysis was made of the <2um size fractions with a Siemens D-500
automated X-ray diffractometer using Cu K-alpha radiation, a graphite
monochrometer, and a step size of 0.02° 2-theta, with 0.5 seconds counting
time per step. Expandability was measured by the methods of Srodon (1980,
1981). The ratio of discrete illite/smectite (or smectite) to illite was
determined from glycol-solvated clay by using the integrated intensity of the
XRD peaks at about 15° (I/S) and 17° (illite) 2-theta.
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The predominant minerals in the clay-size fraction are mixed-layer
illite/smectite or smectite, illite, and quartz. The samples can be grouped
into two units: (1) The first group has a 001 spacing for the air-dried
samples of about 14-15 A. This spacing is indicative of a swelling clay that
has predominantly a dovalent exchange cation (e.g. calcium and/or magnesium;
see Brindley and Brown, Table 3.1). Clays in this group have a mean
expandability of about 77 %. (2) The second group has a 001 spacing for the
air-dried samples of about 11-12 A. This spacing is indicative of a swelling
clay that has predominantly a monovalent exchange ion (e.g. sodium and (or)
potassium). Clays in this group, with the exception of sample J, have a
larger expandability than that found for group 1, having a mean expandability
of about 97 %, close to that of pure smectite.

As we discussed the other day, swelling clays that are in the presence of
anhydrite or gypsum will become calcium-saturated by dissolving some of these
calcium compounds through an ion-exchange reaction. They also could become
calcium-saturated simply by exposure to calcium-bearing water. The
expandability of an originally 100 % expandable smectite could be lowered by
exposure to wetting and drying cycles in the presence of a potassium mineral
(Eberl et al, 1986). References are included in the attached xeroxed list.

Please keep me informed about the conclusions that you draw by using this
analysis.

N ‘) A
Dennis D. Eberl
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